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Characteristics of chemically reacting compressible homogeneous
turbulence

F. A. Jaberi,a) D. Livescu, and C. K. Madniab)
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~Received 12 February 1999; accepted 10 January 2000!

Direct numerical simulations~DNS! are conducted to study the turbulence-chemical reaction
interactions in homogeneous decaying compressible fluid flows. The reaction is of a single-step
irreversible Arrhenius type. The results indicate that the heat of reaction has a noticeable influence
on the solenoidal and the dilatational turbulent motions. The effect of reaction on the solenoidal
velocity field is primarily due to variation of the molecular diffusivity coefficients with temperature
and appears at small scales. However, the dilatational motions are affected more than the solenoidal
motions and are intensified at all length scales. The decay rate of the turbulent kinetic energy is
dependent on the molecular dissipation and the pressure-dilation correlation. In isothermal reacting
cases, the net contribution of the pressure-dilatation is small and the turbulent energy decays
continuously due to viscous dissipation. In the exothermic reacting cases, the pressure-dilatation
tends to increase the turbulent kinetic energy when the reaction is significant. Analysis of the flow
structure indicates that the flow is dominated by strain in the reaction zones. Also, consistent with
previous studies, the scalar gradient tends to align with the most compressive strain eigenvector and
the vorticity vector tends to align with the intermediate strain eigenvector. The heat of reaction
weakens this preferential alignment, primarily due to variation in molecular transport coefficients.
The spatial and the compositional structure of the flame are also affected by the modification of the
turbulence and the molecular coefficients. ©2000 American Institute of Physics.
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I. INTRODUCTION

Modeling of turbulence-chemical reaction interactio
continues to present a challenging task for engineers
scientists and remains an active area of research.1–5 While
there has been significant progress in understanding
modeling of turbulence and chemical reaction separat
much less is known about their coupled behavior.6 The non-
linear interactions between turbulence and chemical reac
occur over a wide range of time and length scales and
volve many different quantities. Our lack of adequate und
standing of these interactions imposes serious limitations
the modeling of chemically reactive turbulent flows. For e
ample, the majority of existent turbulence closures which
used for reacting flow calculations are based on those de
oped for nonreacting flows. These closures are potenti
limited and cannot account for important phenomena in
bulent combustion such as the extensive density and mol
lar property variations, significant dilatational turbulent m
tions, etc.

Previous numerical and experimental investigations
volving flame-turbulence interactions primarily discuss t
influence of the coherent structures on mixing and reactio
free shear flows7–13 ~for recent reviews see Givi,1
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Dimotakis,14 Drummond and Givi,15 and Coats16!. The re-
sults of these investigations indicate the importance of
large-scale as well as small-scale structures on the mix
and reaction. They also show that these structures are sig
cantly affected by the exothermicity of the reaction and
flow compressibility. The effects of two-dimensional an
three-dimensional turbulence on the structure of premi
and diffusion flames in shearless mixing layer are studied
Haworth and Poinsot,17 Mahalingamet al.,18 and Boratav
et al.19 via direct numerical simulation~DNS!. Their results
indicate that the structure of the flame is significantly alte
by the turbulence.

Mixing and reaction in homogeneous turbulence ha
also been the subject of numerous investigations.20–33 In the
majority of these investigations the flow is considered to
incompressible and the scalars are considered to be pas
Leonard and Hill,25 and Nomura and Elgobashi,28 study the
structure of the reaction zone in homogeneous isotropic
shear incompressible turbulence via DNS. Their results sh
that the intense reaction rates occur over the regions w
the concentration gradient is large and the gradients of
scalars tend to align with the direction of the most compr
sive eigenvector of the strain rate tensor. The effect of
compressibility on the turbulent mixing in homogeneo
shear turbulence is studied by Blaisdellet al.34 and Cai
et al.35 Their DNS results indicate that the dilatational co
vective velocity does not contribute noticeably to the mixi
of the scalars.
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The effects of the chemical heat release on the isotro
decaying and forced turbulence were recently studied by B
akrishnan et al.,36 Jaberi and Madnia,37 and Martin and
Candler,38 who consider different initial scalar condition
and chemical kinetics. Although these investigations rev
some interesting features of the turbulence-chemical reac
interactions in isotropic turbulence, more detailed stud
have to be performed in order to fully understand the co
plex role portrayed by the combined influences of the tur
lence and the chemical reaction in a compressible fluid
dium. In this study, we use the data gathered from DNS
isotropic decaying turbulent reacting flows to further elu
date the interactions between turbulence and chemical r
tion. The main objectives of this investigation are:~1! to
analyze the flow and the flame structure,~2! to study the
effects of the heat of reaction on different modes of ener
and ~3! to examine the dynamical evolution of the vortic
and the dilatational fluid motions and their correlation in t
presence of chemical reaction in turbulent flows.

This paper is organized as follows. In Sec. II the go
erning equations are presented and the computational m
odology for solving these equations is explained. The res
pertaining to flame characteristics and the effect of hea
reaction on the flow structure, turbulent energy, and the
lenoidal and dilatational turbulent motions are presented
Sec. III. A summary of important findings and conclusions
given in Sec. IV.

II. GOVERNING EQUATIONS AND COMPUTATIONAL
METHODOLOGY

The primary independent transport variables in a co
pressible flow undergoing chemical reaction are the den
r, the velocity components inxi direction ui , the specific
energye, the pressurep, the temperatureT, and the mass
fraction of speciesa,Ya . The conservation equations go
erning these variables are expressed as
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Si j 5(1/2)(]ui /]xj1]uj /]xi) is the strain rate tensor,D
5]uk /]xk is the dilatation,d i j is the Kronecker delta, and
wa andQ represent the chemical mass and heat source te
respectively. The nondimensional viscosity,m, is modeled as

m5Tn. ~5!

The specific energy is the summation of the specific inter
(eI) and kinetic (eK) energies

e5eI1eK5
p

r~g21!
1

1

2
uiui , ~6!

and thermodynamic variables are related through the eq
tion of state

p5
rT

gMo
2 . ~7!

All variables in the above equations are normalized us
reference length (l 0), velocity (u0), temperature (T0), and
density (r0) scales. Consequently, the important nondime
sional parameters are the box Reynolds number,o
5rouolo /mo , the Prandtl number, Pr5mocp /ko , the Schmidt
number, Sc5mo /roDo and the reference Mach numbe
Mo5uo /AgRTo ~R is the gas constant!. The viscosity,mo ,
thermal diffusivity, ko , and mass diffusivity,Do , are as-
sumed to be proportional toTo

n , the specific heat at constan
pressure,cp , is constant and in all cases the Lewis numbe
unity with Pr5Sc50.7. Also, in all simulationsMo50.6 and
g51.4. The gas is assumed to be calorically perfect.

The chemistry is modeled with a single-step irreversi
reaction of the typeA1rB→(11r )P ~r 51 in this study!
with an Arrhenius reaction rate,

wA5wB52
1

2
wP52Dar2YAYB exp~2Ze/T!,

Q5
Ce

~g21!Mo
2 wP . ~8!

The mass fractions and the reaction rates of speciesA, B, P
are represented byYA ,YB ,YP andwA ,wB ,wP , respectively.
The mass fraction of the mixture fraction,Z, is represented
by YZ . All the species are assumed to be thermodynamic
identical. The constant nondimensional quantities affect
the chemistry are the heat release parameter
52H0/cpTo , the Damko¨hler number Da5K frol o /uo , and
the Zeldovich number Ze5Ea /RTo , where2H0 is the heat
of reaction,K f is the reaction rate parameter~assumed to be
constant!, andEa is the activation energy.

Equations~1!–~4! are integrated using the Fourier pse
dospectral method39,40 with triply periodic boundary condi-
tions. The explicit second-order accurate Adams–Bashfo
scheme is used to time advance the variables. All simulati
are conducted within a box containing 1283 collocation
points. Aliasing errors are treated by truncating the Fou
values outside the shell with wave numberkmax5&N/3
~whereN is the number of grid points in each direction!. The
velocity field is initialized as a random solenoidal, thre
dimensional field with a zero mean and Gaussian spec
density function. The initial degree of compressibility is co
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trolled by varying the ratio of the energy residing in dilat
tional motions to the total energy.41 The initial pressure fluc-
tuations are evaluated from a Poisson equation. The in
density field has unity mean value and no turbulent fluct
tions and the initial values of the temperature are calcula
from Eq. ~7!. The initial velocity field is allowed to decay to
a ‘‘self-similar’’ state, corresponding to a fully develope
turbulent flow, before scalar mixing and reaction begin. T
corresponds to timet50 on all the figures. The scalarA is
specified in the physical domain in such a way as to yiel
square wave in thex2-direction ~slabs!.32 The slabs are ap
proximated by an error function distribution such that t
scalar field varies smoothly in the range 0,YA,1. The sca-
lar values are constant inx12x3 planes along the
x2-direction. Cases with four scalar slabs are considered.
initial probability distribution function~PDF! of the scalarA
is approximately composed of two delta functions cente
at YA50,1. The scalarB is perfectly anticorrelated withA
and there are no productsP in the domain at initial time.

III. RESULTS AND DISCUSSIONS

Direct numerical simulations of chemically reacting is
tropic compressible decaying turbulence are perform
Table I provides the listing of the relevant information abo
each of the cases studied. The variablen in this table denotes
the temperature exponent in Eq.~5!. Cases 1 and 2 are th
reference cases in which the reaction is constant rate wit
heat release. The magnitude ofr CL ~the ratio of the dilata-
tional kinetic energy to the total kinetic energy as defin
below! is different in these two cases. The initial value
r CL is very small in case 1 but is significant in case 2. Ca
3–9 are considered to investigate the effects of heat rel
due to chemical reaction on the velocity, pressure, temp
ture, density, and scalar statistics. In cases 2 and 9 the in
flow compressibility is higher than the other cases listed
Table I. Case 4 is similar to case 3 but with constant mole
lar viscosity, conductivity, and diffusivity coefficients. Th
case is considered in order to isolate the effects of hea
lease on the molecular transport properties. Case 5 is
similar to case 3 but in this case in addition to Eqs.~1!–~4!
an extra energy equation is solved in which the heat rele
term is neglected. The temperature obtained from this a
tional equation is used to calculate the pressure and the
sity. Therefore, in case 5 the effect of heat release on

TABLE I. The specifications of DNS cases.

Case # Da Ze Ce r CL at t50 n

1 2 0 0 0.008 0.7
2 2 0 0 0.124 0.7
3 200 8 3.168 0.008 0.7
4 200 8 3.168 0.008 0
5a 200 8 3.168 0.008 0
6 200 8 1.584 0.008 0.7
7 300 8 1.584 0.008 0.7
8 3000 12 1.584 0.008 0.7
9 200 8 1.584 0.124 0.7

aIn this special case the effect of chemical reaction on turbulence is
moved.
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velocity field is eliminated. Case 5 is considered in order
isolate the effects of heat release on the mixing and react
The initial velocity field in case 1 and cases 3–8 are ident
with Reynolds number based on Taylor microscale, Rl

550.1 ~Rel550.7 for cases 4 and 5 due to the difference
molecular viscosity! and teddy51.8 ~teddy is the large scale
eddy turnover time! and exhibits almost no contribution from
the dilatational fluid motions. In cases 2 and 9, Rel553.7
and teddy51.92 at the initial time.

The temporal evolutions of the statistical quantities
extracted from DNS are of primary importance here. The
statistics are obtained by volumetric averaging over all
collocation points. Two of the important statistical quantiti
are the mean and the variance of a variablea which are
denoted by^a& and sa5^(a2^a&)2&, respectively. The
variance of a vector is defined as the average of the varia
of its three components. The three-dimensional~3D! spectral
density function of the variablea ~a[v,T,p,r,A,Z etc.! is
identified byEa(k). The other important quantities are th
local turbulent Mach number,M, and the enstrophy,V,
which are defined as

M5
Auiui

AgRT
, V5

1

2
v iv i , ~9!

wherev i denotes the vorticity vector. Of particular intere
are the statistics of the solenoidal and the dilatational co
ponents of the velocity and the kinetic energy. To obta
these statistics, first the velocity~or the kinetic energy! is
decomposed into the solenoidal and the dilatational parts
cording to the Weyl decomposition.41–43 Then the statistics
are calculated for each component separately. In the dis
sion of the results below, the superscripts ‘‘s’’ and ‘‘ d’’ de-
note the statistics that are calculated from the solenoidal
the dilatational velocity~or kinetic energy! components, re-
spectively. For example,Ev

s(k) and Ev
d(k) denote the spec

tral density functions of the solenoidal and the dilatation
velocities, respectively.

In the presentation of the results below, the ratios

r CS5
^D2&

^V&1^D2&
, r CL5

sv
d

sv
s1sv

d , ~10!

represent the flow compressibility at small~dissipation! and
large~energy containing! scales, respectively.44 The correla-
tion coefficient between two variablesa and b, z(a,b) is
defined as

z~a,b![
^ab&2^a&^b&

@~^a2&2^a&^a&!~^b2&2^b&^b&!#1/2. ~11!

A. Flame characteristics

Characteristics of the flames considered in this study
identified via analysis of the flame structure. In turbule
reacting flows, the spatial and the compositional structure
the flame is dependent on the flow~turbulence! structure as
well as the chemistry parameters. The flame structure is
dependent on the variations of the thermodynamic quant
since the reaction rate is dependent on these quantities.
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heat of reaction, in turn, affects the turbulent motions and
thermodynamic variables, hence a two-way coupling exis

In the assessment of the reaction, it is useful to study
reaction rate (w[2wA) and its components; the mixin
term (G5r2YAYB) and the temperature-dependent term@F
5exp(2Ze/T)#. In the nonheat-releasing case 1, the react
is solely dependent onG and its mean values as shown
Fig. 1~a!, after reaching a peak att'2, decay continuously
However, in the heat-releasing cases, the reaction rate
pends on bothG andF and its maximum mean values occ
at different times for different values of Da, Ze, and C
Expectedly,^w& peaks earlier as the values of Da and
increase or those of Ze decrease. The mean reaction ra
not, however, very much dependent on the initial flow co
pressibility as the results corresponding to cases 6 and 9
very close. A comparison between the results in cases 3
4 also indicates that the variation in the magnitudes of
molecular transport coefficients has little effect on the te
poral variation of^w&. However, the Reynolds number
strongly affected by the variation in the molecular viscosi
This is illustrated in Fig. 1~b!, where the time evolution o
Rel is presented. The initial values of Rel vary between 50.1

FIG. 1. Temporal variation of~a! the mean reaction rate,~b! Rel , and ~c!
the mean flame surface density.
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~cases 1, 3, 6, 7, and 8! and 53.7~cases 2 and 9!. At t
52.5, when the mean reaction rates for cases 3 and 4 r
their peak values, the values of Rel are between 17.5~case 3!
and 36.4~case 4!. The Reynolds number in case 4 is high
than that in case 1 due to the amplification of the dilatatio
fluid motions by the heat of reaction.

In modeling of turbulent reactive flows, the ‘‘flamele
assumption’’ is usually invoked. With this assumption, t
reaction rate can be directly related to the mixture fract
through the flame surface density,S.5,45,46In turbulent com-
bustion, the flame surface density is a complex function
the flow and chemistry parameters. Following Pope,47 we
define the average flame surface density as

^S&5^u¹YZud@YZ2~YZ!st#&

5^u¹YZuuYZ5~YZ!st&

3P~YZ5~YZ!st!, ~12!

where d is the Dirac-delta function,̂quYZ5(YZ)st& is the
expected value of the quantityq conditioned on YZ

5(YZ)st , and P(YZ5(YZ)st) denotes the probability tha
YZ5(YZ)st . Figure 1~c! shows the temporal evolution of th
mean flame surface density for different cases. At ea
times, the values of̂S& are relatively low and similar in all
cases due to initial conditions. However, the flame surf
density increases due to turbulent stretching/folding, and
ter peaking at 2,t,3, decays due to scalar mixing and tu
bulence decay. A comparison among the results for cas
and 6 indicates that the late time values of^S& are lower for
higher values of the heat release parameter. This is prima
due to variation of the molecular transport coefficients w
temperature as the results in the heat-releasing case 4
constant molecular coefficients are similar to those in n
heat-releasing case 1. This observation is further suppo
by the results obtained for case 7, which has a higher va
of Da than case 6 and exhibits higher temperatures at ea
times. The small-scale scalar fluctuations are dependen
the magnitudes of the molecular transport coefficients
decay faster at higher temperatures, which results in lo
values ofS. However, it should be noted that the avera
u¹YZu conditioned on (YZ)st and probability of (YZ)st ,
which appear in the flame surface density definition@Eq.
~12!#, are both affected by the heat release~not shown here!.
For case 4, these terms counteract each other and the
effect on the flame surface density is small.

A comparison between Figs. 1~a! and 1~c! clearly indi-
cates that the temporal evolution of the mean flame surf
density is very different from that of the mean reaction ra
and the finite rate chemistry effects are important. Hew
and Madnia,48 and Pierce and Moin,49 also found that the
finite rate chemistry effects become important under cer
reacting flow conditions. To further explain the results
Fig. 1, the temporal variation of the volumetric averag
values of ln(G), ln(F), and ln(w) for case 3 are considered i
Fig. 2. The results for other heat-releasing cases are qua
tively similar. Figure 2 shows that the evolution of the me
reaction rate is different than the mixing and th
temperature-dependent terms. Expectedly, the mean va
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of the temperature-dependent term,F, are very low at early
times but increase significantly by the heat of reaction. T
mixing term,G, exhibits behavior similar to that shown fo
the flame surface density in Fig. 1~c!. The volumetric aver-
aged values of this term increase at early times due to mix
of the reactants and decrease later due to consumption o
reactants. Att52.5, when the mean reaction rate peaks~Fig.
1!, the average values ofF andG are comparable, showin
the important contribution of both mixing and temperature
the reaction rate.

In order to further identify the role of reaction in th
flow field, three regions are defined based on the mean
ues ofw, F, andG at t52.5. Table II presents the percenta
of the computational grid points corresponding to these th
regions,

~i! Region I:w.^w& t52.5,
~ii ! Region II: w,^w& t52.5,G.^G& t52.5,F,^F& t52.5,
~iii ! Region III: w,^w& t52.5,G,^G& t52.5,F.^F& t52.5,

at different times. The regions I, II, and III may be associa
with the ‘‘reaction region,’’ the ‘‘mixing region,’’ and the
‘‘hot-product region,’’ respectively. The results in Table
are consistent with the results shown in Fig. 6 below, a
indicate that att51 a significant portion of the domain con
sists of region II. At this time the reaction rate and the te
perature are relatively low and regions I and III have a n
ligible contribution. At t52.5, when the mean reaction ra
is significant, most of the field is composed of region I.
later times (t54), when the mean reaction rate is small, t
mixing and the reaction occur rarely and the total volu
occupied by regions I and II is less than 1% of the com
tational domain.

FIG. 2. Time variation of different terms in the reaction rate expression@Eq.
~8!# for case 3.

TABLE II. Percentage of the domain filled with regions I, II, and III.

Region I Region II Region III

t51 0% 75% 0%
t52.5 40% 15% 26%
t54 0.5% 0% 93.5%
e
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The results in Figs. 1 and 2 and Table II show the av
age behavior of the reaction at different times and do
provide information about the flame structure. The flam
structure can be studied by examination of the reactive s
cies in mixture fraction~compositional! space. Figure 3
shows the scatter plots of the reactants and the product m
fractions in mixture fraction space for case 3. These sca
plots are similar to those of a typical flame with finite ra
chemistry effects.

The scatter plot of the reaction rate in mixture fracti
space for case 3 att52.5 is shown in Fig. 4~a!. This figure
indicates that the conditional mean value of the reaction
is the highest at the stoichiometric surface (YZ50.5), similar
to that observed in Fig. 3 for product mass fraction. Ho
ever, the variation of the reaction rate in mixture fracti
space is different than that of the product mass fraction.
explain this behavior, the scatter plots ofG andF parts of the
reaction rate are shown in Figs. 4~b! and 4~c!. TheF term is
only a function of temperature and behaves similar toYP .
The behavior of theG term is more complex. This term
depends on the density and the product of the reactants’ m
fractions, and as shown in Fig. 4~c! attains relatively low
values near the stoichiometric surface, mainly due to l
values of the density@Fig. 4~d!#. At later times (t.2.5), as
shown in Fig. 2, theF term is larger than theG term and the
scatter plots ofw exhibit behavior similar toF and YP . It
should be noted that, due to homogeneity of the flow,
reaction in this study occurs through a constant volume p
cess. Therefore, the mean density is constant but the m
pressure and temperature increase continuously and s
larly. Within the reaction zone, the density decreases
to volumetric flow expansion and is lower than unity. Ou
side this zone the density is higher than unity, as shown
Fig. 4~d!.

It is shown above that in exothermic reacting cases
mixing term and the temperature-dependent term both c
tribute significantly to the reaction. However, the mean v
ues of these terms evolve very differently. This raises
question of how the local values of these terms are correla
with each other and with the reaction rate. To answer t
question, the temporal variation of the correlation coefficie

FIG. 3. Scatter plots of the reactants and product mass fractions in mix
fraction ~Z! space for case 3 att52.5 ~sample size 4096 points!. The solid
lines represent the conditional means and are calculated based on al
points (1283).
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FIG. 4. Scatter plots of~a! w, ~b! F, ~c! G, and~d! r, in
mixture fraction space for case 3 att52.5 ~sample size
4096 points!. The solid lines represent the condition
means and are calculated based on all grid poi
(1283).
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betweenG and w and that betweenG and F for case 3 are
shown in Fig. 5. The results for other heat-releasing cases
qualitatively similar and are not shown. It is evident that t
G term is not well correlated with the reaction rate when
rate of reaction is significant. This lack of correlation b
tween G and w has a significant influence on the spat
flame structure and is explained below.

Figure 6 shows the joint PDF ofG andF and the joint
PDF of G and w at several different times. At early time
(t51), as indicated in Table II, in most of the domain t
reaction is insignificant and is confined to the mixing zon
This explains the strong correlation betweenw andG at early
times as observed in Fig. 5. Also, at early times the temp
ture increases only in the regions where the reaction ta
place and there is a good correlation betweenF andG ~Fig.
5!. The joint PDF plot in Fig. 6~b! confirms thatF andG are
indeed well correlated. Att52.5, when the mean reactio

FIG. 5. Temporal variation of the correlation coefficient betweenG andF
andG andw, in case 3.
re

e
-
l

.

a-
es

rate is high, the field is primarily composed of zones w
high temperature~hot-product region, 26% of the total num
ber of points, and reaction region withG,^G&,22% of the
field! and of zones with mixed reactants~mixing region, 15%
of the field, and low-temperature reaction region w
F,^F&,10%!. In the zones with mixed reactants the tem
perature has not yet increased significantly, soG.^G& and
F,^F& in these zones@Fig. 6~d!#. In the high-temperature
zones,G,^G& and F.^F&. These results are consiste
with Fig. 5, where it is shown thatF and G are negatively
correlated att52.5. Although there are regions in the flo
with very high values ofG andw, in most of the domain the
values ofG andw are moderate to low@Fig. 6~c!#. The points
in the domain are relatively evenly distributed among t
four regions defined by the linesG5^G& and w5^w& on
Fig. 6~c!. As a result, the correlation betweenG and the
reaction rate is very low att52.5 ~Fig. 5!. At later times,
most of the reactants have already burnt and, as show
Table II, the field is occupied almost entirely by hot pro
ucts. At these times,F is almost evenly distributed around it
mean@Fig. 6~f!# and the correlation betweenF andG is low.
At elevated temperatures, the exponential term has sm
spatial variation andF is nearly constant. Therefore, the r
action rate as illustrated in Figs. 5 and 6~e! is highly corre-
lated with G. Figure 6~e! also shows that att54 there are
still some rare regions in which mixing and reaction are b
significant.

So far, we have only discussed the influence of vario
parameters on the reaction. In the following sections the
fects of reaction on turbulence are studied. In particular
will show how the turbulence structure, the turbulent ener
the vorticity field, and the dilatation field are affected by t
reaction. The influence of the reaction on the thermodyna
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FIG. 6. Joint PDF of~a! w andG at t51, ~b! G andF at t51, ~c! w andG at t52.5, ~d! G andF at t52.5, ~e! w andG at t54, ~f! G andF at t54, for case
3. The thick lines represent the average values which are respectively:^G& t51.050.087, ^w& t51.050.017, ^F& t51.050.0008, ^G& t52.550.017, ^w& t52.5

50.255,^F& t52.550.096,^G& t54.050.001,^w& t54.050.038,^F& t54.050.16.
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ass
variables is also studied. The results are consistent with th
of Balakrishnanet al.,36 Jaberi and Madnia,37 and Martin and
Candler,38 and indicate that the fluctuations of the tempe
ture and pressure increase significantly by the heat of r
se

-
c-

tion. Although the value of density is minimum at the st
ichiometric surface@Fig. 4~d!#, its fluctuations increase as th
rate of heat release increases. The rate of heat relea
dependent on the density, temperature, and reactants’ m
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fractions and varies significantly throughout the flow fie
The nonuniform generation of heat results in the enhan
ment of the fluctuations of thermodynamic variables. T
variations in temperature and density in turn result in mo
fication of the reaction rate.

B. Flow structure

The heat of reaction has a noticeable influence on tur
lence structures. This is partially demonstrated in this sec
via analysis of the strain rate tensor@Si j 51/2(]ui /]xj

1]uj /]xi)# and alignment of its eigenvectors with the vo
ticity and scalar gradient vectors. The eigenvalues of
strain tensor or the principal strain rates are termed conv
tionally asa, b, g, with a.b.g. The PDFs of the eigen
values of the strain rate normalized by the magnitude of t
strain (ueu5(a21b21g2)1/2) for cases 1 and 3 att52.5 are
shown in Fig. 7. It is observed that although the shape of
PDFs is not substantially affected, the heat of reaction
creases the variances of all eigenvalues. In agreement
the previous observations,22,25,50the values ofb are shown to
be mostly positive. Also, due to homogeneity in all cas
considered in this studŷa1b1g&'0. The reaction has
also a noticeable influence on the average values of the p
cipal strain rates. This is observed in Fig. 8, where it
shown that the magnitudes of^a&, ^b&, and ^g& decay faster

FIG. 7. PDF of the normalized eigenvalues of the strain rate tensor for c
1 and 3 att52.5.
.
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as the heat release increases. The heat of reaction incre
the magnitudes of the molecular transport coefficients
results in faster decay of the turbulence and the strain eig
values.

To further examine the effect of reaction on the flo
structures, the PDFs of the cosines of angles between
vorticity and the principal strain directions for cases 1 and
are plotted in Fig. 9~a!. The angles between the vorticit
vector anda-, b-, andg-eigenvectors are denoted byz1 , z2 ,
andz3 , respectively. Direct numerical simulations of incom
pressible nonreacting turbulent flows suggest a preferen
alignment among the strain eigenvectors, the vorticity vec
and the scalar gradient vector.22,28,51–55 This preferential
alignment is due mainly to local effects associated with
structure and dynamics of vorticity vector and strain ra
tensor,26,56–58although the formation of distinct spatial stru
tures can also affect the alignment.58 It has been found tha
the vorticity vector tends to align with the direction of th
intermediate~b! strain eigenvector and the scalar gradie
vector tends to align with the direction of the most compr
sive ~g! strain eigenvector. The PDF plots in Fig. 9~a! also
show that the vorticity vector tends to be parallel to t
b-eigenvector and perpendicular to theg-eigenvector in both
heat releasing and non-heat-releasing cases. The effe
heat of reaction is to decrease the alignment of the vorti
vector with theb-eigenvector and to increase the alignme
with the a-eigenvector. It is interesting to note that the
results, as obtained for a homogeneous~constant volume!
flow, agree qualitatively with the results of Nomura an
Elgobashi59 obtained for an inhomogeneous flow with co
stant molecular coefficients and infinitely fast chemistry. T
PDFs obtained for case 4~not shown here! are similar to
those shown in Fig. 9~a! for case 1. This suggests that th
modification of the alignment of the vorticity vector an
strain eigenvectors is primarily due to variation of the m
lecular transport coefficients with temperature.

A more detailed analysis of our results indicates that
alignment between the vorticity vector and the strain eig
vectors is more significantly affected by the reaction in t
‘‘reaction zones,’’ where the values of the mixture fractio
are close to the stoichiometric values. Our results are a
consistent with those obtained by Boratavet al.,19 and indi-
cate that in the reaction zones the flow is dominated by st

es
e
FIG. 8. Temporal variation of the mean values of th
strain rate eigenvalues.
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rather than rotation. This is demonstrated in Fig. 9~b!, where
the PDFs ofC, sampled over three different ranges ofYZ ,
are considered. The strain-enstrophy angle,C, is defined as19

C5tan21
Si j Si j

Ri j Ri j
,

whereRi j is the rotation tensor. By definition, large values
C ~@45°! correspond to the strain-dominated flow regio
and small values ofC ~!45°! correspond to the enstrophy
dominated regions. Figure 9~b! shows that in the reaction
zones the flow is dominated by the strain and the vort
fluid motions play a lesser role. The conditional expec
values of the enstrophy, conditioned onYZ , for the heat-
releasing cases~not shown! are also consistent with Fig. 9~b!

FIG. 9. ~a! PDFs of the cosine of the angles between the eigenvectors o
strain rate tensor and the vorticity vector att52.5, ~b! PDFs ofC for case
3 at t52.5, ~c! PDF of the cosine of the angles between the eigenvector
the strain rate tensor and the gradient ofYZ .
l
d

and indicate that the lowest and highest values are obta
inside and outside the reaction zone, respectively.

Figure 9~c! shows the PDF of the cosine of the ang
between the scalar gradient vector and the principal st
directions for cases 1 and 3 att52.5. The angles witha-, b-,
andg-eigenvectors are denoted byx1 , x2 , andx3 , respec-
tively. In both cases, the scalar gradient tends to align w
the most compressive principal direction of the strain r
tensor as observed previously.50,54,55Our results~not shown!
also indicate that in both heat-releasing and non-he
releasing cases the scalar gradient tends to be mainly no
to the vorticity vector. The heat of reaction has little effe
on the alignment of strain eigenvectors and the scalar gr
ent. The main effect of the reaction is that the PDFs
cos(x1) and cos(x2) are closer to each other in heat-releasi
cases. A comparison with the results obtained for case 4~not
shown here! again suggests that the change in the alignm
among strain eigenvectors and the scalar gradient is du
variation of the molecular transport coefficients with tem
perature.

C. Turbulent energy

In this section the effects of reaction on the turbule
kinetic energy and the energy transfer among different co
ponents of the kinetic energy and the internal energy
studied. The effect of heat of reaction on the mean turbu
kinetic energy is shown in Fig. 10~a!. This figure shows that
the reaction has little effect on the decay of the turbul
kinetic energy~compare cases 1 and 3!. The reason that the
decay rate of the kinetic energy is not significantly affect
by the reaction is explained by considering the effects
reaction on different components of the kinetic energy. T
turbulent kinetic energy is composed of the rotational~sole-
noidal! and the compressive~dilatational! components. In the
absence of heat release, the values of the dilatational and
solenoidal turbulent kinetic energies decay slowly due to v
cous dissipation. However, both components of the kine
energy are affected by the reaction@Figs. 10~b! and 10~c!#.
The results in Fig. 10~b! indicate that the solenoidal kineti
energy decays faster due to the heat of reaction~compare
cases 1 and 3!. This is primarily due to an increase in th
magnitudes of the molecular transport coefficients and tur
lent kinetic energy dissipation with temperature. The infl
ence of the heat of reaction on the dilatational componen
the kinetic energy is different than that on the solenoi
component. Figure 10~c! shows that the mean values of th
dilatational kinetic energy increase significantly due to h
release, despite the fact that the magnitude of turbulent M
number decreases by the reaction. Figure 10~c! also shows
that the generated dilatational motions remain significa
long after the reaction is completed. The results correspo
ing to cases 3 and 4 indicate that the variation in the mag
tudes of the molecular diffusivity coefficients does not ha
a significant effect on the evolution of dilatational kinet
energy.

Figures 10~b! and 10~c!, therefore, explain the result
shown in Fig. 10~a!. The solenoidal kinetic energy is affecte

he

of
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by the reaction, primarily due to variation in molecular c
efficients. In contrast, the reaction increases the values o
mean dilatational kinetic energy. The net effect on kine
energy would be the summation of the effects on its solen
dal and dilatational components. A comparison betwe
cases 1 and 3 in Fig. 10~a! indicates that the reaction slightl
modifies the decay rate of the mean kinetic energy. In cas
the molecular viscosity is constant and the mean value
the solenoidal energy are not significantly affected by
reaction. However, the dilatational energy increases subs
tially by the reaction. Consequently, the mean values of
kinetic energy in case 4 are significantly higher than thos
case 1. From the results presented in Fig. 10 it can be
cluded that the volumetric flow expansion, on average, d
not have a significant effect on the solenoidal turbulent m
tions.

Figure 10 shows that the heat of reaction has a sign
cant influence on the turbulent energy. However, this fig

FIG. 10. Temporal variations of~a! the turbulent kinetic energy,~b! the
solenoidal component of the turbulent kinetic energy, and~c! the dilatational
component of the turbulent kinetic energy.
he
c
i-
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of
e
n-
e

in
n-
s
-

-
e

cannot reveal how different turbulent scales are affected
the reaction. The interaction between turbulence and che
cal reaction occurs over a variety of different length sca
and it is important, from both physical understanding an
modeling point of view, to assess the influence of reaction
different flow scales. To address this issue, the 3D spec
density function of the solenoidal and the dilatational velo
ity for several different cases are considered in Fig. 11. I
shown in Fig. 11~a! that the large-scale solenoidal veloci
field is not noticeably altered by the reaction and is similar
cases with constant and temperature-dependent diffus
coefficients. However, the small-scale solenoidal turbul
motions are dependent on the magnitudes of the molec
transport coefficients and are affected by the heat of react
As compared to case 1, the magnitudes of the molec
coefficients are higher and the small scales decay faste
case 3. The small-scale values of the solenoidal energ
case 4 are slightly higher than those in case 1, since in c
4 a net energy is transferred from the internal energy to
kinetic energy by the pressure-dilatation correlations. Thi
explained in more detail below, where the transport eq
tions for internal and kinetic energies are considered.

In contrast to the solenoidal velocity spectrum, the di
tational velocity spectrum is significantly affected by th
heat release at all length scales. This is demonstrated in
11~b!, where it is shown that the large- and the small-sc
dilatational energy in cases 3 and 4 is significantly high
than that in cases 1 and 5. Nevertheless, the spectra in c
3 and 4 are very close to each other. This suggests tha

FIG. 11. Three-dimensional spectral density functions of~a! the solenoidal
velocity, ~b! the dilatational velocity, att53.
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dilatational velocity field is modified by the heat of reactio
primarily due to volumetric flow expansion/contraction, a
the variation in molecular transport coefficients has little
fect.

The effect of the initial flow compressibility on the de
cay of the mean turbulent kinetic energy for both non-he
releasing and heat-releasing cases is shown in Fig. 12
non-heat-releasing cases, the kinetic energy decays m
slowly as the flow compressibility increases. The results
Fig. 12 are also consistent with those in Fig. 10~a! and indi-
cate that the decay of the turbulent kinetic energy is
significantly affected by the heat of reaction when the init
flow compressibility is small~compare cases 1 and 6!. How-
ever, the reaction changes the mean kinetic energy, when
initial flow compressibility is significant~compare cases 2
and 9!. An examination of different components of the tu
bulent kinetic energy for cases 2 and 9 indicates that w
the dilatational component increases by the reaction the
lenoidal component decreases. Our results~not shown! also
indicate that the effects of reaction on the dilatational tur
lent energy and the thermodynamic variables are depen
on the initial flow compressibility. In the cases in which th
initial variations in temperature and density are more sign
cant, the variation in the reaction rate would also be m
significant and the thermodynamic variables as well as
dilatational turbulent motions are affected more by the h
of reaction.

1. Energy transfer

To examine the effects of the reaction on the ene
transfer between the internal (EI5reI) and the kinetic (EK

5reK) energies, the transport equations for^EI& and ^EK&
are considered,

d

dt
^EI&52^PD&2^VD&1^HR&, ~13!

d

dt
^EK&5^PD&1^VD&, ~14!

where

^PD&[ K p
]uj

]xj
L ,

FIG. 12. Temporal variation of the mean kinetic energy for different cas
,
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^VD&[ K Q i j

]ui

]xj
L ,

^HR&[
Ce

~g21!Mo
2 ^wP&,

are the ‘‘pressure-dilatation,’’ the ‘‘viscous-dissipation,
and the ‘‘heat-release’’ terms, respectively.37 Examination of
Eqs. ~13! and ~14! indicates that the heat of the reaction
directly transferred to the internal energy and the mean
netic energy may only be modified indirectly through t
variations in the pressure-dilatation and viscous-dissipa
terms. The total energy (ET5EI1EK) is only affected by
the heat of reaction and is constant in non-heat-relea
cases. In the heat-releasing cases considered here, the v
of the internal energy are much larger than those of the
netic energy and monotonically increase by the heat of re
tion.

The rate of variation of the mean kinetic and intern
energies, as discussed above, are dependent on the pre
dilatation, viscous-dissipation, and heat-release terms.
tailed examination of each of these terms helps us exp
the results in Figs. 10–12. In the heat-releasing cases con
ered in this study, the magnitudes of the heat-release term
much larger than those of the pressure-dilatation a
viscous-dissipation terms and the internal energy varies
marily due to this term. The heat of reaction does not ha
any direct influence on the kinetic energy. However, the r
of change of the kinetic energy is controlled by the pressu
dilatation and the viscous-dissipation terms. Both of the
terms as shown in Fig. 13 are affected by the heat of re
tion. In the non-heat-releasing case 1, the values of the p
sure dilatation oscillate around zero, indicating that the
ergy is alternatively transferred between the internal and
kinetic energies via this term. In this case, the pressu
dilatation term is relatively small as the flow is nearly incom
pressible. However, consistent with the results of Balakri
nanet al.,36 Jaberi and Madnia;37 and Martin and Candler,38

the amplitude of the oscillation of the pressure-dilatati
term is significantly increased by the heat of reaction. Fig
13~a! shows that the values of this term in cases 3 and 4
an order of magnitude larger than those in case 1. Comp
sons of the results for cases 1 and 5 and cases 3 a
indicate that the variation in molecular coefficients has lit
effect on the evolution of the pressure dilatation.

Temporal variations of the viscous-dissipation term
different cases are shown in Fig. 13~b!. In non-heat-releasing
case 1, this term has the dominant effect and decreases~in-
creases! the kinetic~internal! energy. With the decay of tur
bulence, the gradients of the velocity and the magnitude
the viscous-dissipation term decrease. Nevertheless, the
nitudes of this term in heat-releasing case 3 are consider
larger than those in non-heat-releasing case 1. This is du
modification of the molecular coefficients and the sma
scale turbulence by the heat of reaction. The most signific
difference between the results in cases 1 and 3 occur
1.5,t,3, when the reaction is very important. A compa
son among the results in cases 1, 3, and 4 indicates tha
magnitudes of the viscous-dissipation term increase pri

s.
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rily due to increase in the molecular coefficients. The vo
metric expansion/contraction of the fluid elements a
slightly increases the magnitudes of the viscous-dissipa
term ~compare cases 1 and 4!. Interestingly, the long time
values of^VD& in case 3 are smaller than those in case
despite the fact that the magnitudes of the molecular co
cients in case 3 are much larger than those in case 4
explain these observations, it is useful to compare the ev
tion of ^VD/m& for cases 3 and 4. In case 4,^VD/m&
5^VD&. Figure 13~b! shows that the magnitudes of^VD/m&
in case 3 are significantly lower than those in case 4. In c
3, the values ofm are higher, the ‘‘smoothing’’ effects of the
molecular viscosity on the velocity gradients are more i
portant, and the magnitudes of^VD/m& decay faster. This
explains why the long time values of^VD& in case 3 are
smaller than those in case 4.

The influence of the heat of reaction and the flow co
pressibility on the viscous-dissipation and the pressu
dilatation terms is further assessed in Fig. 14, where the t
integrated values of̂PD& and ^VD& for several different
cases are considered. The variation in the mean kinetic
ergy is equal to the summation of these integrated quanti
Figure 14~a! shows that in non-heat-releasing cases the in
grated values of the pressure-dilatation term are relativ
small. In the heat-releasing cases, these integrated value
positive and significant. While flow compressibility has litt
effect in non-heat-releasing cases, it significantly amplifi
the effect of reaction on the integrated values of the pres
dilatation in heat-releasing cases~compare cases 1, 2, 6, an
9!. The positive sign of the integrated values of the pressu
dilatation term indicates that this term on the average

FIG. 13. Temporal variation of~a! the pressure dilatation̂PD&, and~b! the
viscous dissipation̂VD&.
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moves energy from the internal energy and adds it to
kinetic energy. In the exothermic reacting flows, as the
sults in Fig. 14~a! suggest, the role of the pressure-dilatati
term is very important and should be considered in the m
eling of these flows, particularly when the flow compressib
ity is significant.

In contrast to the pressure dilatation, the integrated v
ues of the viscous-dissipation term are always negative
increase in magnitude as heat release increases@Fig. 14~b!#.
In non-heat-releasing cases, the magnitudes of this qua
decrease as the initial flow compressibility increases, wh
is consistent with the results shown in Fig. 12. However,
heat-releasing cases the flow compressibility has an oppo
effect and enhances the magnitude of the viscous dissipa
This is primarily due to an increase in the dilatational turb
lent motions~see the discussion corresponding to Fig.
below!.

It is shown above that the turbulent kinetic energy a
the terms responsible for its evolution are noticeably affec
by the heat of reaction. However, the results in Figs. 10 a
11 indicate that the solenoidal and the dilatational com
nents of the turbulent energy are affected differently by
reaction. It is, therefore, useful to consider the evoluti
equations for the solenoidal and dilatational energy com
nents. Analysis of these transport equations also help
better understand the energy transfer process in reac
flows. The interactions between different modes of the
netic energy and the internal energy in compressible flo
are studied in detail by Kida and Orszag,44 and Jaberi and
Madnia.37 They decomposeWi5Arui into the mean, the

FIG. 14. Time-integrated values of different terms in the mean kinetic
ergy equation@Eq. ~14!#, ~a! the pressure dilatation,~b! the viscous dissipa-
tion.
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rotational, and the compressive components. Similar anal
is conducted here. The decomposition of the kinetic ene
and also the governing equations describing the evolution
the compressive and rotational components of the kine
energy for constant molecular transport coefficients are p
vided by Kida and Orszag44 and are not given in detail here
It is only adequate to present the evolution equations of
spatially averaged values of the kinetic energy compone
These equations are written as

d

dt
^~EK!b&5^~AD!b&1^~PD!b&1^~VD!b&, ~15!

where (EK)b , b[R,C,O denotes the rotational, the com
pressive, and the mean components of the kinetic ene
respectively. In Eq.~15!, ^(AD)b&, ^(PD)b&, and^(VD)b&
represent the effect of the advection, the pressure dilatat
and the viscous dissipation on the volumetric averaged v
ues of the kinetic energy components and are defined as44

^~AD!b&[ K S 2uj

]Wi

]xj
2

1

2
WiD DWb i L ,

^~PD!b&[K 2
1

Ar

]p

]xi
Wb i L ,

~16!

FIG. 15. Temporal variation of the rotational and the compressive com
nents of~a! the advection term,~b! the pressure-dilatation term, and~c! the
viscous-dissipation term.
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^~VD!b&[K S 2

ReoAr

]

]xj
FmS Si j 2

1

3
Dd i j D G D Wb i L ,

whereWb i ,b[R,C,O denotes the rotational, the compre
sive, and the mean components ofWi , respectively. Our
results~not shown! indicate that in both non-heat-releasin
and heat-releasing cases the mean components of the a
tion, ^(AD)O&, the pressure dilatation̂(PD)O&, and the vis-
cous dissipation,̂(VD)O&, are negligible as compared to th
compressive and rotational counterparts.

Temporal variations of the rotational and the compr
sive components of the advection term for both non-he
releasing and heat-releasing cases are considered in
15~a!. This figure shows that in the absence of heat relea
the compressive and the rotational components of the ad
tion term fluctuate symmetrically with respect to the horizo
tal ~zero-value! axis and there is no net contribution to th
kinetic energy by these components. In the case with con
erable heat release, again the compressive and the rotat
components fluctuate symmetrically around the horizon
axis but the amplitude of their oscillations is larger than th
in the non-heat-releasing case. Additionally, during the ti
period that the reaction is significant, the time averaged v
ues of^(AD)R& and ^(AD)C& are positive and negative, re
spectively. These results are consistent with those of Ja
and Madnia37 and indicate that on the average, the energy
transferred from the compressive component of the kin
energy to its rotational component. To explain this behav
it is useful to consider the mechanisms responsible for
change in the dilatational fluid motions. In compressible no
reacting flows, the compressibility effects caused by init
conditions or other factors, such as shock waves, enhanc
dilatational turbulent motions.44 The solenoidal fluid motions
may also amplify the dilatational fluid motions through th
advection term. Alternatively, the energy could be tran
ferred from the dilatational motions to solenoidal motions
the dilatational advection which is the case in our nonrea
ing simulations. In reacting flows, the heat of reaction mo
fies the dilatational fluid motions. The modified dilatation
field then may affect the solenoidal field. The direction of t
energy transfer between the solenoidal and the dilatatio
components of the kinetic energy depends on the rate of
release and the energy residing in each component. In ca
the energy released by the reaction is noticeably large
the net energy transfer is from the dilatational componen
the solenoidal component.

The temporal variations of the rotational and the co
pressive components of the pressure dilatation for case
and 3 are considered in Fig. 15~b!. It is the pressure-
dilatation term that alternatively transfers energy from t
internal energy to dilatational and solenoidal parts of
kinetic energy and vice versa. The results in Fig. 15~b! show
that in the non-heat-releasing case, the rotational compo
of the pressure dilatation is negligible, indicating that t
pressure dilatation does not transfer energy to or from
rotational kinetic energy. In the case with considerable h
release, the values of^(PD)C& and^(PD)R& oscillate around
zero but the amplitude of oscillations is significantly high

o-
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than in the nonreacting case. Again, consistent with the
sults of Jaberi and Madnia,37 the compressive component o
the pressure dilatation has magnitudes substantially la
than those of the rotational component. The cases w
higher initial flow compressibility exhibit behavior similar t
that shown in Fig. 15~b!. The variation of the pressure
dilatation term in Figs. 13~a! and 14~a! with reaction and
flow compressibility is mainly due to variation of its dilata
tional component as the solenoidal component is not not
ably affected. The dilatational component of the pressure
latation changes in magnitude with reaction and fl
compressibility.

The influence of reaction on different components of
viscous-dissipation term is shown in Fig. 15~c!. In the ab-
sence of heat release, the magnitude of the rotational
compressive components of the viscous dissipation decr
with turbulence decay. In this case, the magnitudes
^(VD)R& are much larger than those of^(VD)C&, suggesting
that the dissipation scales are controlled by the vortical m
tions. Nevertheless, Fig. 15~c! shows that both the rotationa
and the compressive components are significantly affe
by the reaction, although the compressive component is
fected more. It is observed that the magnitudes of
^(VD)R& in heat-releasing case 3 are higher than those
non-heat-releasing case 1 att,4. The increase in solenoida
dissipation is primarily due to the increase in molecular
efficients with temperature, since the results for cases 1 a
are close. The increase in dilatational dissipation is due
both enhancement of the small-scale dilatational velo
fluctuations and increase in molecular coefficients. A co
parison between the results in cases 1, 3, and 4 indicates
the magnitudes of̂(VD)C& increase by almost an order o
magnitude with reaction, even if the molecular coefficie
are kept constant. Additionally, the magnitudes of^(VD)C&
decay slowly as compared to those of^(VD)R&. Conse-
quently, the long time values of the rotational and the co
pressive dissipation become comparable. Our results~not
shown! also indicate that the temporal evolution of^(VD)R&
is not very much dependent on the initial flow compressib
ity in non-heat-releasing cases. However, the values
^(VD)C& are higher and are enhanced more by the hea
reaction in cases with higher initial flow compressibility.

D. Enstrophy

The results shown in Fig. 11 indicate that different sca
of the solenoidal and the dilatational velocity fluctuations
affected differently by the chemical reaction. While a
length scales of the dilatational velocity field are amplifie
the small-scale solenoidal motions are primarily affected
the reaction. An important quantity which characterizes th
small-scale solenoidal motions is the enstrophy. The tem
ral variation of the mean enstrophy for several different ca
is shown in Fig. 16. In the absence of heat release,^V& de-
cays monotonically~and almost exponentially! due to vis-
cous dissipation. However, the heat of reaction influences
mean enstrophy and̂V& decays much faster in heat-releasi
case 3. To isolate the effect of reaction on the molecu
viscosity coefficient from other factors that affect^V&, in Fig.
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16~a! the temporal evolution of̂V& for cases 4 and 5 is als
considered. The results corresponding to these cases cl
indicate that the values of̂V& are affected by the heat re
lease, primarily due to variations in the molecular transp
coefficients. A comparison between cases 1 and 3 in F
16~a! and 10~b! indicates that the effect of reaction on th
enstrophy is more significant than that on the solenoidal
netic energy. This is understandable since the small~dissipa-
tive! flow scales are affected the most.

In contrast to dilatational turbulent motions, the sma
scale solenoidal motions are affected similarly by the re
tion for different initial flow compressibility. This is demon
strated in Fig. 16~b!, where the decay of the mean enstrop
for cases 1, 2, 6, and 9 are considered. Figure 16~b! is con-
sistent with Fig. 16~a! and shows that the reaction increas
the decay rate of the mean enstrophy, regardless of the in
flow compressibility. As mentioned before, initially the sum
mation of the dilatational and solenoidal turbulent energie
the same in all cases. But in cases 2 and 9, the initial va
of the solenoidal energy and enstrophy are lower than th
in cases 1 and 6. Nevertheless, the long time values of
mean enstrophy in cases 1 and 2 and also those in cas
and 9 are very close. The solenoidal kinetic energy, altho
affected less by the reaction, exhibits a qualitatively simi
behavior. These results suggest that in reacting and nonre
ing flows the long time values of the ‘‘solenoidal statistics
are independent of the initial flow compressibility. Of cour

FIG. 16. Temporal variation of the mean enstrophy for different case
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they are affected by the reaction, primarily due to variatio
in molecular coefficients.

1. Enstrophy transport equation

To understand how the chemical reaction affects the v
ticity field and to explain the results in Fig. 16, the terms
the enstrophy transport equation are examined. The trans
equation for mean enstrophy reads as

~17!

wherev andS= are the vorticity vector and strain rate tenso
respectively. The solenoidal and the dilatational visco
forces are defined as

j s[¹•~mS= s!,
~18!

j d[¹•S mS= d2
m

3
DI= D ,

whereS= s and S= d denote the solenoidal and the dilatation
strain rates, andI= is the identity tensor, respectively. Terms
II, III, IV, and V on the right-hand side~rhs! of Eq. ~17! are
identified as the vortex-stretching, the vorticity-expansi
the baroclinic, the solenoidal-dissipation, and t
dilatational-dissipation terms, respectively. The vorte
stretching term is responsible for energy transfer among
ferent turbulent scales and usually has a positive sign.
vorticity-expansion term can have a positive or negative c
tribution to the mean enstrophy, depending on the correla
between the contraction/expansion regions of the flow
the local values of the enstrophy. The baroclinic te
changes the mean enstrophy only if the pressure gradien
the density gradient vectors are not aligned. The soleno
and the dilatational viscous terms decrease the magnitud
mean enstrophy. In low Mach number nonreacting flows,
dilatational-dissipation term is usually negligible.

Temporal evolution of all terms on the rhs of Eq.~17!
for cases 1 and 3 are shown in Fig. 17. In the non-he
releasing case 1@Fig. 17~a!#, the magnitudes of the vorticity
expansion, the baroclinic, and the dilatational-dissipat
terms are relatively small and the mean enstrophy ma
changes by the vortex-stretching and the solenoid
dissipation terms, as expected for a nearly incompress
flow. The vortex-stretching term has a positive sign and
magnitudes are slightly lower than those of the soleno
dissipation. As a result, the mean enstrophy decays con
ously. The vorticity-expansion and the baroclinic terms
cillate around zero. In the heat-releasing case 3@Fig. 17~b!#,
the vortex-stretching and the solenoidal-dissipation terms
still the dominant terms and decrease in magnitude with
bulence decay. However, a comparison between the re
s
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in Figs. 17~a! and 17~b! indicates that these terms deca
faster in heat-releasing case 3. This is due to higher value
the molecular coefficients in the heat-releasing case. Also
the heat-releasing case, the magnitudes of terms II, III, an
are comparatively higher than those in the non-heat-relea
case. The baroclinic term is positive and peaks when
mean reaction rate reaches its maximum value. The vortic
expansion term has magnitudes comparable to the baroc
term but contributes both positively and negatively to t
mean enstrophy. The magnitude of the dilatation
dissipation term also peaks when the mean reaction
peaks but is lower than that of the vorticity-expansion a
baroclinic terms.

The integrated values of all terms on the rhs of Eq.~17!
are shown in Fig. 18 for various cases. The summation
these integrated quantities is equal to the change in the m
nitude of the mean enstrophy. The results in Fig. 18
consistent with those in Fig. 17, indicating that all terms
the rhs of Eq.~17! are affected by the heat release. A com
parison between the results for cases 1 and 3 in Fig. 1~a!
indicates that the integrated value of the vortex-stretch
term is significantly decreased by the reaction and reach
nearly constant value att.4. This is primarily due to varia-
tion of the molecular coefficients with temperature, as
results for cases 1 and 4 are very close. In contrast to
vortex-stretching term, the integrated values of the vortici
expansion and baroclinic terms increase substantially by
heat of reaction. The values of the vorticity-expansion te
are lower when the molecular coefficients are kept cons
~compare cases 3 and 4!. The baroclinic term exhibits oppo
site behavior as its integrated values are increased more
nificantly by the reaction if the molecular coefficients a

FIG. 17. Temporal variation of different terms in the mean enstrophy tra
port equation@Eq. ~17!# for ~a! case 1,~b! case 3.



in

1204 Phys. Fluids, Vol. 12, No. 5, May 2000 Jaberi, Livescu, and Madnia
FIG. 18. Time-integrated values of different terms
Eq. ~17! contributing to the mean enstrophy,~a! term I,
~b! term II, ~c! term III, ~d! term IV, ~e! term V.
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kept constant. This indicates that the increase in magnitu
of the molecular coefficients weakens the baroclinic gene
tion of the mean enstrophy.

The solenoidal- and the dilatational-dissipation terms
also affected differently by the heat of reaction. While t
magnitudes of the solenoidal dissipation decrease by the
action @Fig. 18~d!#, those of the dilatational dissipation in
crease@Fig. 18~e!#. Figures 18~d! and 18~e! also show that
the magnitudes of the~solenoidal-! dilatational-dissipation
term in case 4 are~higher! lower than those in case 3. So, th
variation of the molecular coefficients with temperature h
the opposite effect on these two viscous terms. The resul
Fig. 18~d! are also consistent with those in Fig. 18~a! and
indicate that the magnitudes of the solenoidal-dissipation
the vortex-stretching terms decrease by reaction due to
hancement of the molecular coefficients. In contrast,
magnitudes of the vorticity-expansion and the dilatation
dissipation terms increase as the magnitudes of the molec
coefficients increases. It is to be noted that even though
vorticity-expansion, the baroclinic, and the dilatation
dissipation terms are strongly affected by reaction, their c
tributions to the mean enstrophy remain much less than th
of the vortex-stretching and the solenoidal-dissipation te
es
a-
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in all cases. Our results~not shown! suggest that in exother
mic reacting flows while the magnitudes of the baroclin
and the dilatational-dissipation terms are dependent on
initial flow compressibility, the vortex-stretching and th
solenoidal-dissipation terms are not noticeably affected
the compressibility. Therefore, the effects of the reaction
the mean enstrophy as shown in Fig. 16~b! are similar in
cases with different initial flow compressibility.

Generation of vorticity via baroclinic torque plays a
important role in the flame-vortex interactions.48,60,61 Al-
though in the flows studied the baroclinic term does not s
nificantly change the mean enstrophy, it has important lo
effects on the vorticity field and the flame structure. In t
mean enstrophy transport equation, the baroclinic te
2^1/r2@v•(¹p3¹r)#& is composed of three vectors; bo
the magnitude and relative alignment of these are import
The magnitudes of the pressure and the density gradi
increase as the pressure and the density fluctuations ar
creased by reaction. This is shown in Fig. 19~a!, where the
volumetric averaged values of the magnitudes of the den
and the pressure gradients for cases 1, 3, and 6 are co
ered. The mean value of 1/r2 follows closely the trends ob
served in Fig. 19~a! for density gradient but its magnitude
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are increased by less than 15% with reaction. For the isot
mal reacting cases, botĥu¹ru& and ^1/r2& decrease slowly
and continuously due to turbulence decay. In exothermic
acting cases, they peak at the time corresponding to p
reaction rate and decay later. The decrease in the magn
of the vorticity vector is somewhat balanced by the incre
in ^1/r2& in heat-releasing cases. This decrease inuvu, as
explained earlier, is due to an increase in molecular coe
cients with temperature.

The second factor which influences the magnitude of
baroclinic term is the alignment of the pressure and the d
sity gradient vectors. The time evolution of the mean va
of sinj ~j is the angle between the pressure and the den
gradient vectors! is presented in Fig. 19~b!. The results in
this figure clearly indicate that the reaction has a signific
influence on the alignment of these two vectors as^sinj&
increases with reaction. At the time which the mean reac
rate peaks, the density and the pressure gradient vectors
to be mostly perpendicular. To further examine this beh
ior, in Fig. 20~a! the PDFs of sinj for cases 1 and 3 ar
compared. The results for case 1 are consistent with th
obtained by Kida and Orszag62 and indicate that the pressu
and the density gradients are almost aligned. This alignm
is also supported by the high correlation between the p
sure and the density which is a consequence of a ne
isentropic process. The PDF of sinj is changed by the hea
release and attains a peak at sinj'1 and very low values a
sinj'0. This indicates that in most of the domain the pre
sure and the density gradients are perpendicular. Our re
~not shown! also indicate that the pressure and the den

FIG. 19. Time variation of~a! the magnitudes of the density and the pre
sure gradients,~b! average of the sine of the angle between the press
gradient and the density gradient.
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fluctuations are poorly correlated when the heat releas
significant.

Another quantity which influences the behavior of t
baroclinic term is the angle between the vorticity vector a
the baroclinic torque (c52¹p3¹r). The PDFs of the co-
sine of this angle (cosl) at t52.5 are shown in Fig. 20~b!.
The highest probability is at61, indicating thatc andv are
mostly parallel. In case 1, the PDF is nearly symmetric a
the mean value of cosl is very small. In case 3, the PDF i
slightly skewed toward positive values at 1.5,t,3.5. Con-
sequently, the mean value of cosl is positive and small.

E. Dilatation

It is demonstrated above that the dilatational turbul
motions are substantially modified by the heat of reacti
An important quantity which characterizes the small-sc
dilatational turbulent motion is the second moment of dila
tion (^D2&). This term is almost equal to the dilatation var
ance since the mean value of the dilatation is nearly ze
Figure 21 shows the temporal variation of^D2& for various
cases. In the non-heat-releasing case, the values of^D2& are
higher for higher initial flow compressibility but decrease
all cases with turbulence decay. The results in Fig. 21
also consistent with those shown in Figs. 10~c! and 11~b! and
indicate that the magnitudes of^D2& increase substantially

re

FIG. 20. PDFs of~a! the sine of angle between the pressure gradient and
density gradient,~b! the cosine of angle between the vorticity vector andc.



th
wi

af

nd
th
th

al
b

io
IV

t a
an
o
c

n
Th
s

al
n

he
e
t in
lata-
ot

w
er
are
has
ry
tua-
ant
II
de
il-

lar
ga-

an
he

ila

1206 Phys. Fluids, Vol. 12, No. 5, May 2000 Jaberi, Livescu, and Madnia
with the heat of reaction. This increase is dependent on
rate of heat release and is more significant in cases
higher initial flow compressibility.

To understand how the dilatational fluid motions are
fected by the reaction, the transport equation for^D2& is
considered,

~19!

Temporal evolution of the terms on the rhs of Eq.~19! for
cases 1, 2, and 9 are shown in Fig. 22. In case 1@Fig. 22~a!#,
the flow is nearly incompressible and the magnitude of^D2&
and all terms contributing to its evolution are very small a
decline with the decay of turbulence. Term II represents
correlation between the dilatation and the magnitude of
strain and tends to decrease^D2&. Term III represents the
correlation between the enstrophy and the dilatation and
appears in the enstrophy transport equation multiplied
21/2. This term has both negative and positive contribut
but its time integrated values are mostly negative. Term
represents the correlation between the pressure gradien
the dilatation gradient. This term has the most signific
influence on^D2& and always enhances the fluctuations
the dilatation. The two viscous terms have opposite effe
on ^D2&. The first term~term V! represents the correlatio
between the gradient of the dilatation and the strain rate.
second term~term VI! is due to dilatation gradient and ha
magnitudes slightly lower than the first term. While the v
ues of ^D2& decrease by the first viscous term, the seco
term increases them.

FIG. 21. Temporal variation of the second moment or variance of the d
tation for different cases.
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A comparison between cases 1 and 2 in Figs. 22~a! and
22~b! reveals the effects of compressibility on terms on t
rhs of Eq.~19!. While in case 1 the values of term III ar
comparable to other terms, they are relatively insignifican
case 2. This suggests that the correlation between the di
tional and the solenoidal velocity fields is small and is n
significantly affected by the flow compressibility. The flo
compressibility has, however, a significant effect on oth
terms. For example, the magnitudes of term I in case 2
much higher than those in case 1. In both cases this term
a negative contribution. The behavior of term II is also ve
different in cases 1 and 2. This term decreases the fluc
tions of the dilatation in case 1. In the cases with signific
initial compressibility~case 2!, the reverse is true and term
has the most significant positive contribution. The magnitu
of term IV increases substantially by the flow compressib
ity, as expected. The viscous terms V and VI exhibit simi
behavior in cases 1 and 2. Term V always contributes ne
tively to the values of̂D2& but the contribution of term VI is
always positive. The magnitudes of term V are larger th
those of VI resulting in a net negative contribution to t
dilatation variance by the viscous terms.

It is shown in Fig. 21 that the values of^D2& are signifi-

-

FIG. 22. Temporal variation of different terms in Eq.~19! contributing to
the second moment of dilatation~a! case 1,~b! case 2,~c! case 9.
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cantly affected by the heat of reaction. It is, therefore,
surprising that all terms contributing tôD2& are also af-
fected by the reaction. In fact, Fig. 22~c! shows that with the
exception of term III the magnitudes of all terms on the r
of Eq. ~19! increase by more than an order of magnitude w
reaction. Nevertheless, the behavior is similar in non-he
releasing and heat-releasing cases 2 and 9, indicating
terms II and V have the most significant positive and ne
tive contributions, respectively. Close examination of the
sults in Figs. 22~b! and 22~c! indicates that the values of term
III in cases 2 and 9 are small and comparable. This ag
suggests that the vortical and the dilatational velocity fie
are weakly correlated.

IV. SUMMARY AND CONCLUSIONS

Direct numerical simulations are conducted of chem
cally reacting homogeneous compressible fluid flow un
non-heat-releasing~isothermal! and heat-releasing~exother-
mic! non-premixed reacting conditions. The chemistry
modeled with a one-step irreversible reaction and with a
coefficient of an Arrhenius type.

Examination of the compositional flame structure in
cates that the finite rate chemistry~or temperature depen
dency! effects are important and the reaction rate exhib
behavior different than the flame surface density. During
time that the reaction is significant, the ‘‘mixing’’ term (G
5r2YAYB) and the ‘‘temperature-dependent’’ term@F
5exp(2Ze/T)# have comparable mean values. Also, at t
time the mixing term is not well correlated with the reacti
rate. While the values of the temperature-dependent term
high at the ‘‘reaction zones,’’ those of the mixing term a
dependent on the spatial density variations and are often
in these zones. Additionally, in the reaction zones the flow
dominated by strain rather than rotation and the scalar
dient is mostly aligned with the most compressive eigenv
tor of the strain rate tensor. Consistent with the previo
observations, the heat of reaction decreases the alignm
between intermediate strain eigenvector and vorticity vec
particularly near the reaction zones.

The results of simulations with isothermal reaction are
accord with the previous findings and indicate that the fl
undergoes a nearly isentropic process and the pressure
density fluctuations are very well correlated. However,
exothermic reacting simulations, the dilatational~compres-
sive! turbulent motions at all length scales are significan
intensified by the heat of reaction. The effect of reaction
the dilatational velocity field is enhanced as the initial flo
compressibility~the initial fluctuations in dilatational veloc
ity and thermodynamic variables! increases. Analysis of the
transport equation for dilatation variance (^D2&) indicates
that the magnitudes of̂D2& and almost all terms contribut
ing to its evolution increase substantially with increase in
initial flow compressibility and/or the heat of reaction. Th
exothermicity of the reaction also increases the fluctuati
of the thermodynamic variables at all length scales.

In contrast to the dilatational velocity field, the low ord
moments of the solenoidal~rotational! velocity field and the
scalars are not significantly affected by the reaction. Thi
t
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because the large-scale solenoidal velocity field is not
rectly affected by the reaction and the solenoidal and dila
tional velocity fields are poorly correlated. However, t
small-scale rotational turbulent motions and the related qu
tities such as the enstrophy are noticeably influenced by
heat of reaction. This is primarily due to variation of th
molecular transport coefficients with temperature and
volumetric flow expansion/contraction has lesser effe
Analysis of the enstrophy transport equation indicates t
the effects of baroclinic torque increase as the heat rele
and/or the initial flow compressibility increases. Neverth
less, the contributions of the baroclinic torque and the v
ticity expansion are much less than those of the vort
stretching and the solenoidal viscous-dissipation.

Examination of the energy transfer among differe
modes of the kinetic energy and the internal energy in e
thermic reactive flows indicates that the energy of the re
tion is transferred to the compressive component of the
netic energy by the compressive component of the press
dilatation correlations. The advection term then transfers
energy from the compressive component of the kinetic
ergy to its rotational component. The compressive and
rotational components of the turbulent advection and
compressive component of the pressure-dilatation exh
significant oscillations in time. The amplitude of these osc
lations enhances due to the heat of reaction. The compres
component of the viscous dissipation also increases in m
nitude as a result of the energy transfer from the inter
energy to the compressive component of the kinetic ene
The effects of reaction on pressure dilatation and visc
dissipation increase with the flow compressibility due
strong coupling between the ‘‘turbulence-generated’’ and
‘‘heat-generated’’ dilatational fluid motions. Also, in a
cases considered, the rotational and the compressive com
nents of the kinetic energy are poorly correlated.

The results presented in this paper reveal the intric
physics of the two-way interactions between turbulence
chemical reaction. The future models of the turbulent rea
ing flows have to account for these interactions. We are
lizing the DNS results obtained from this work to develo
new subgrid scale models in Large Eddy Simulations~LES!
of turbulent reacting flows. We are specifically interested
how the subgrid stresses and scalar fluxes and the co
sponding models in LES are affected by the chemical re
tion. The behavior of the subgrid unmixedness in react
flows is also of interest and is being studied using the dat
this work.

In this study, the turbulent Mach number and the flo
compressibility are relatively small. The turbulence is a
decaying due to lack of any mean velocity gradient or she
Analysis of the flame-turbulence interactions in highly co
pressible and supersonic homogeneous and inhomogen
chemically reactive turbulent flows would be the next ch
lenging tasks.

ACKNOWLEDGMENTS

This work was sponsored by the National Science Fo
dation under Grant No. CTS-9623178. Computational



ut
a

n
o

-

ha

i

-

g
ion

t
re

ct

se
lui

rb

P
ee

am

g

in
an

g

a

m

er

nd
xe

o
xe

re

,’’

of
ch

bu

d
m

ed

re

n,
rbu-

o-
nce,’’

e in

ssi-

s-
ys.

n

-

ty
w,’’

in

u-
o-

e-

y-

:

ing

sis
yn.

m-

nal
oly-

ing

ed
U,

ly-
us-

ing

m-

t
kes

,’’

t

p-

nd
uids

d

1208 Phys. Fluids, Vol. 12, No. 5, May 2000 Jaberi, Livescu, and Madnia
sources were provided by the San Diego Supercomp
Center, National Center for Supercomputer Applications
the University of Illinois Urbana–Champaign, and the Ce
ter for Computational Research at the State University
New York at Buffalo.

1P. Givi, ‘‘Model free simulations of turbulent reactive flows,’’ Prog. En
ergy Combust. Sci.15, 1 ~1989!.

2S. B. Pope, ‘‘Computations of turbulent combustion: Progress and c
lenges,’’ in Proceedings of 23rd Symposium (Int.) on Combustion~The
Combustion Institute, Pittsburgh, PA, 1990!, pp. 591–612.

3Turbulent Reacting Flows, edited by P. A. Libby and F. A. Williams
~Academic, London, 1994!.

4R. O. Fox, ‘‘Computational methods for turbulent reacting flows in chem
cal process industry,’’ Rev. Inst. Francais Petrole51~2!, 215 ~1996!.

5L. Vervisch and T. Poinsot, ‘‘Direct numerical simulation of non
premixed turbulent flames,’’ Annu. Rev. Fluid Mech.330, 655 ~1998!.

6W. C. Strahle, ‘‘Duality, dilation, diffusion and dissipation in reactin
turbulent flows,’’ inProceedings of 19th Symposium (Int.) on Combust
~The Combustion Institute, Pittsburgh, PA, 1982!, pp. 337–347.

7P. A. McMurtry, W.-H. Jou, J. J. Riley, and R. W. Metcalfe, ‘‘Direc
numerical simulations of a reacting mixing layer with chemical heat
lease,’’ AIAA J. 24, 962 ~1986!.

8S. M. Masutani and C. T. Bowman, ‘‘The structure of a chemically rea
ing plane mixing layer,’’ J. Fluid Mech.72, 93 ~1986!.

9P. A. McMurtry, J. J. Riley, and R. W. Metcalfe, ‘‘Effects of heat relea
on the large scale structures in a turbulent reacting mixing layer,’’ J. F
Mech.199, 297 ~1989!.

10J. C. Hermanson and P. E. Dimotakis, ‘‘Effects of heat release in a tu
lent, reacting shear layer,’’ J. Fluid Mech.199, 333 ~1989!.

11P. Givi, C. K. Madnia, C. J. Steinberger, M. H. Carpenter, and J.
Drummond, ‘‘Effects of compressibility and heat release in a high sp
reacting mixing layer,’’ Combust. Sci. Technol.78, 33 ~1991!.

12F. F. Grinstein and K. Kailasanath, ‘‘Chemical energy release and dyn
ics of transitional, reactive shear flows,’’ Phys. Fluids A4, 2207~1992!.

13R. S. Miller, C. K. Madnia, and P. Givi, ‘‘Structure of a turbulent reactin
mixing layer,’’ Combust. Sci. Technol.99, 1 ~1994!.

14P. E. Dimotakis, ‘‘Turbulent free shear layer mixing and combustion,’’
High Speed Flight Propulsion Systems, Progress in Astronautics
Aeronautics, edited by S. N. B. Murthy and E. T. Curran~AIAA, Wash-
ington, D.C., 1991!, Vol. 137, Chap. 5, pp. 265–340.

15J. P. Drummond and P. Givi, ‘‘Suppression and enhancement of mixin
high-speed reacting flow fields,’’ inCombustion in High-Speed Flows,
edited by M. Y. Hussaini, J. D. Buckmaster, T. L. Jackson, and A. Kum
~Kluwer Academic, The Netherlands, 1994!.

16C. M. Coats, ‘‘Coherent structures in combustion,’’ Prog. Energy Co
bust. Sci.22, 427 ~1996!.

17D. C. Haworth and T. Poinsot, ‘‘Numerical simulation of Lewis numb
effects in turbulent premixed flames,’’ J. Fluid Mech.244, 405 ~1992!.

18S. Mahalingam, J. H. Chen, and L. Vervisch, ‘‘Finite-rate chemistry a
transient effects in direct numerical simulations of turbulent nonpremi
flames,’’ Combust. Flame102, 285 ~1995!.

19O. N. Boratav, S. E. Elghobashi, and R. Zhong, ‘‘On the alignment
strain vorticity and scalar gradient in turbulent, buoyant, nonpremi
flames,’’ Phys. Fluids10, 2260~1998!.

20A. Q. Eschenroeder, ‘‘Intensification of turbulence by chemical heat
lease,’’ Phys. Fluids7, 1735~1964!.

21J. C. Hill, ‘‘Homogeneous turbulent mixing with chemical reaction
Annu. Rev. Fluid Mech.8, 135 ~1976!.

22R. M. Kerr, ‘‘High-order derivative correlations and the alignment
small-scale structures in isotropic numerical turbulence,’’ J. Fluid Me
153, 31 ~1985!.

23V. Eswaran and S. B. Pope, ‘‘Direct numerical simulations of the tur
lent mixing of a passive scalar,’’ Phys. Fluids31, 506 ~1988!.

24P. A. McMurtry and P. Givi, ‘‘Direct numerical simulations of mixing an
reaction in a nonpremixed homogeneous turbulent flow,’’ Combust. Fla
77, 171 ~1989!.

25A. D. Leonard and J. C. Hill, ‘‘Mixing and chemical reaction in shear
and nonsheared homogeneous turbulence,’’ Fluid Dyn. Res.10, 273
~1992!.

26G. R. Ruetsch and M. R. Maxey, ‘‘The evolution of small-scale structu
in homogeneous-isotropic turbulence,’’ Phys. Fluids A4, 2747~1992!.
er
t

-
f

l-

-

-

-

d

u-

.
d

-

d

in

r

-

d

f
d

-

.

-

e

s

27Jayesh and Z. Warhaft, ‘‘Probability distribution, conditional dissipatio
and transport of passive temperature fluctuations in grid-generated tu
lence,’’ Phys. Fluids A4, 2292~1992!.

28K. K. Nomura and S. E. Elgobashi, ‘‘Mixing characteristics of an inh
mogeneous scalar in isotropic and homogeneous sheared turbule
Phys. Fluids A4, 606 ~1992!.

29R. O. Fox, ‘‘The spectral relaxation model of the scalar dissipation rat
homogeneous turbulence,’’ Phys. Fluids7, 1082~1995!.

30R. O. Fox, ‘‘The Lagrangian spectral relaxation model of the scalar di
pation in homogeneous turbulence,’’ Phys. Fluids9, 2364~1997!.

31M. R. Overholt and S. B. Pope, ‘‘Direct numerical simulations of a pa
sive scalar with imposed mean gradient in isotropic turbulence,’’ Ph
Fluids 8, 3128~1996!.

32F. A. Jaberi, R. S. Miller, C. K. Madnia, and P. Givi, ‘‘Non-Gaussia
scalar statistics in homogeneous turbulence,’’ J. Fluid Mech.313, 241
~1996!.

33F. A. Jaberi, R. S. Miller, F. Mashayek, and P. Givi, ‘‘Differential diffu
sion in binary scalar mixing and reaction,’’ Combust. Flame109, 561
~1997!.

34G. A. Blaisdell, N. N. Mansour, and W. C. Reynolds, ‘‘Compressibili
effects on the growth and structure of homogeneous turbulent shear flo
J. Fluid Mech.256, 443 ~1993!.

35X. D. Cai, E. E. O’Brien, and F. Ladeinde, ‘‘Advection of mass fraction
forced, homogeneous, compressible turbulence,’’ Phys. Fluids10, 2249
~1998!.

36G. Balakrishnan, S. Sarkar, and F. A. Williams, ‘‘Direct numerical sim
lation of diffusion flames with large heat release in compressible hom
geneous turbulence,’’ AIAA Paper 95-2375, 1995.

37F. A. Jaberi and C. K. Madnia, ‘‘Effects of heat of reaction on homog
neous compressible turbulence,’’ J. Sci. Comput.13, 201 ~1998!.

38M. P. Martin and G. V. Candler, ‘‘Effects of chemical reactions on deca
ing isotropic turbulence,’’ Phys. Fluids10, 1715~1998!.

39D. Gottlieb and S. A. Orszag,Numerical Analysis of Spectral Methods
Theory and Applications~SIAM, Philadelphia, PA, 1977!.

40P. Givi, ‘‘Spectral and random vortex methods in turbulent react
flows,’’ in Turbulent Reacting Flows, edited by P. A. Libby and F. A.
Williams ~Academic, London, 1994!, Chap. 8, pp. 475–572.

41G. Erlebacher, M. Y. Hussaini, H. O. Kreiss, and S. Sarkar, ‘‘The analy
and simulation of compressible turbulence,’’ Theor. Comput. Fluid D
2, 73 ~1990!.

42S. Kida and S. A. Orszag, ‘‘Energy and spectral dynamics in forced co
pressible turbulence,’’ J. Sci. Comput.5, 85 ~1990!.

43S. Ghosh and W. H. Matthaeus, ‘‘Low Mach number two-dimensio
hydrodynamic turbulence: Energy budget and density fluctuations in p
tropic fluid,’’ Phys. Fluids A4, 148 ~1992!.

44S. Kida and S. A. Orszag, ‘‘Energy and spectral dynamics in decay
compressible turbulence,’’ J. Sci. Comput.7, 1 ~1991!.

45F. Marble and J. Broadwell, ‘‘The coherent flame model of non-premix
turbulent combustion,’’ Technical report, Project Squid TRW-9-P
Project Squid Headquarters, Chafee Hall, Purdue University, 1977.

46E. Van Kalmthout and D. Veynante, ‘‘Direct numerical simulations ana
sis of flame surface density models for nonpremixed turbulent comb
tion,’’ Phys. Fluids10, 2347~1998!.

47S. Pope, ‘‘The evolution of surfaces in turbulence,’’ Int. J. Eng. Sci.26,
445 ~1988!.

48J. S. Hewett and C. K. Madnia, ‘‘Flame-vortex interactions in a react
vortex ring,’’ Phys. Fluids10, 189 ~1998!.

49C. D. Pierce and P. Moin, ‘‘Large eddy simulation of a confined jet co
bustor with finite-rate chemistry,’’ Bull. Am. Phys. Soc.43, 2062~1998!.

50W. T. Ashurst, A. R. Kerstein, R. M. Kerr, and C. H. Gibson, ‘‘Alignmen
of vorticity and scalar gradient with strain rate in simulated Navier-Sto
turbulence,’’ Phys. Fluids30, 2343~1987!.

51W. T. Ashurst, ‘‘Vortex simulation of unsteady wrinkled laminar flames
Combust. Sci. Technol.52, 325 ~1987!.

52A. D. Leonard and J. C. Hill, ‘‘Direct numerical simulation of turbulen
flows with chemical reaction,’’ J. Sci. Comput.3, 25 ~1988!.

53A. Vincent and M. Meneguzzi, ‘‘The spatial structure and statistical pro
erties of homogeneous turbulence,’’ J. Fluid Mech.225, 1 ~1991!.

54G. R. Ruetsch and M. R. Maxey, ‘‘Small-scale features of vorticity a
passive scalar fields in homogeneous-isotropic turbulence,’’ Phys. Fl
A 3, 1587~1991!.

55R. S. Miller, F. A. Jaberi, C. K. Madnia, and P. Givi, ‘‘The structure an



ce

en

ur

ity
lu

bu-
uid

x

,’’

ible

1209Phys. Fluids, Vol. 12, No. 5, May 2000 Characteristics of chemically reacting compressible . . .
small-scale intermittency of passive scalars in homogeneous turbulen
J. Sci. Comput.10, 151 ~1995!.

56Z. S. She, E. Jackson, and S. A. Orszag, ‘‘Scale-dependent intermitt
and coherence in turbulence,’’ J. Sci. Comput.3, 407 ~1988!.

57J. Jimenez, A. A. Wray, P. G. Saffman, and R. S. Rogallo, ‘‘The struct
of intense vorticity in isotropic turbulence,’’ J. Fluid Mech.255, 65
~1993!.

58K. K. Nomura and G. K. Post, ‘‘The structure and dynamics of vortic
and rate of strain in incompressible homogeneous turbulence,’’ J. F
Mech.377, 65 ~1998!.
,’’

cy

e

id

59K. Nomura and S. Elgobashi, ‘‘The structure of inhomogeneous tur
lence in variable density nonpremixed flames,’’ Theor. Comput. Fl
Dyn. 5, 153 ~1993!.

60W. T. Ashurst and P. A. McMurtry, ‘‘Flame generation of vorticity: vorte
dipoles from monopoles,’’ Combust. Sci. Technol.66, 7 ~1989!.

61W. T. Ashurst, ‘‘Flame propagation along a vortex: The baroclinic push
Combust. Sci. Technol.112, 175 ~1996!.

62S. Kida and S. A. Orszag, ‘‘Enstrophy budget in decaying compress
turbulence,’’ J. Sci. Comput.5, 1 ~1990!.


